The small hydrophobic E5 protein of Human Papillomavirus type 16 (HPV16) binds to the 16-kDa subunit of the V-H + -ATPase. This binding has been suggested to interfere with acidi®cation of late endocytic structures. We here used video microscopy, ratio imaging and confocal microscopy of living C127 ®broblasts to study the eects of E5. Various endocytic markers including the pH-sensitive probe DM-NERF coupled to dextran, TransFluoSpheres and TRITC-concanavalin A, were applied. In E5-transfected cells, none of these markers colocalized with the membrane permeable probe LysoTracker Red, which accumulates in acidic, late endocytic structures, or with a green¯uorescent version of the small GTPase Rab7 labeling late endocytic structures. Importantly, however, late endocytic structures accumulating LysoTracker were still present in the E5-transfected cells. It is therefore concluded that HPV16 E5 perturbs tracking from early to late endocytic structures rather than acidi®cation. Oncogene (2000) 19, 6023 ± 6032.
Introduction
Human papillomaviruses (HPV) encode three oncoproteins called E5, E6 and E7 (for review see (Syrjanen and Syrjanen, 1999; Vousden, 1993; zur Hausen, 1999) ). The E6 and E7 proteins interact with the p53 and Rb oncosuppressor genes. In contrast to E5 from bovine papillomaviruses (BPV) (Schapiro et al., 2000; Sparkowski et al., 1995) the HPV16 E5 protein is not well characterized since it has been dicult to detect and study in vitro. However, the open reading frame encodes a hydrophobic oncoprotein consisting of 83 amino acids (Bubb et al., 1988; Halbert and Galloway, 1988) . E5 from two types of human papillomavirus (HPV6 and 16) forms a complex with a 16 kDa subunit of the vacuolar proton ATPase (V-H + -ATPase) (Conrad et al., 1993) . The subunit also binds to b1 integrin which is involved in cell migration, cytoskeletal organization and signal transduction (Giancotti, 2000; Skinner and Wildeman, 1999) .
HPV16 E5 may induce cellular transformation and thus contribute to the HPV16 induced development of malignant lesions (McCance, 1994; McCance et al., 1985) . The transforming mechanism(s) of the oncogene is not known. However E5 causes a growth factor independent increase in tyrosine phosphorylation of phospholipase C-gamma-1 (PLC-gamma-1) (Crusius et al., 1999) . Moreover, it apparently interferes with the acidi®cation of endocytic structures as revealed by an approach involving endocytosis of¯uorescein isothiocyanate-dextran (Straight et al., 1993) . A diminished pH gradient in endocytic structures may inhibit the degradation of EGF-receptors (EGFR) and thus increase the recycling to the cell surface (Straight et al., 1993 (Straight et al., , 1995 Valle and Banks, 1995) . However, this is in contrast to observations showing that inhibitors of the endosomal acidi®cation, chloroquine and ba®lomy-cin A 1 , do not increase EGFR recycling (Straight et al., 1995) .
In the present study we have applied methods dependent and independent of endocytic tracking combined simultaneously to detect both acidic compartments and a possible block of endocytic transport to these compartments in living cells. We used HPV16 E5 transfected C127 mouse ®broblasts as well as human W12 host keratinocytes expressing the complete HPV16 genome. The transforming potential of HPV16 E5 was demonstrated by signi®cant morphological changes of the cells and reorganization of the actin cytoskeleton. By the use of video-and confocal microscopy with pH sensitive probes it was demonstrated that the E5 oncoprotein is responsible for an inhibition of endocytic tracking from early to late endocytic structures with no or little eect on the internal pH level of the late endocytic structures.
Results

Characterization of HPV16 E5 RNA-expressing cells
Expression of the E5 protein was tested at the RNA level by reverse transcriptase (RT) PCR. Cells transfected with the vector only were used as negative controls. A positive control was included in the RT kit set. The expression of the E5 oncogene (250 bp) in C127 ®broblasts was demonstrated in 1.5% agarose gels as a single band in the expected area for each of the E5 clones (Figure 1) . HPV16 E5 and drugs in¯uencing the V-H + -ATPase have previously been reported to cause a rounded cell appearance in various cell types (Bowman et al., 1988; Skinner and Wildeman, 1999; Straight et al., 1995; Thomsen et al., 1999) . We therefore evaluated whether the morphology was in¯uenced by the presence of the E5 protein. As shown in Figure 2a ,c, the E5-transfected cells were more rounded than the control cells. Furthermore, computer-assisted image analysis was used to determine the formfactor. The number of observations in each interval is shown for the vectorand E5 transfected cells (Figure 2b, d, e, f) . The distribution of the formfactor was equal to a logarithmic distribution for all the control cell clones. The three E5 transfected clones demonstrated another distribution due to a larger number of cells with a signi®cantly higher formfactor (more rounded morphology). This was most pronounced in the E5 transfected clone 1 (Chi 2 Goodness-of-®t test P50.0001) (Figure 2d ).
HPV16 E5 disrupts the actin cytoskeleton
The observed changes in cell shape induced by HPV16 E5 suggests that the actin cytoskeleton might be one target for the E5 protein. This could also explain a previous report demonstrating an inhibition of cell motility by HPV16 E5 (Thomsen et al., 1999) . Another study has shown that human papillomavirus E5 interacts with the 16-kDa subunit of the V-H + -ATPase at a site which also binds b1-integrin and thereby in¯uences the organization of the actin cytoskeleton via talin, alpha-actinin and ®lamin (Critchley et al., 1999; Giancotti, 2000; Schaller et al., 1995; Skinner and Wildeman, 1999; Tong and Howley, 1997) . Moreover, it is known that the E5 gene from BPV 1 causes disarranged F-actin cables (Berman et al., 1988) . The actin cytoskeleton was therefore studied by confocal microscopy in the HPV16 E5-expressing ®broblasts. E5-transfected cells contained less ®lamentous actin ( Figure 3b ) and more monomeric actin (Figure 3d ) compared to control cells (Figure 4a,c) . These ®ndings suggest that the arrangement rather than the expression of actin is in¯uenced by the HPV16 E5 oncoprotein.
Measurements of pH in endocytic structures of HPV16 E5-expressing cells by the use of endocytic probes It has been suggested, based on the pH-dependent signal of the endocytic probe FITC-dextran, that HPV16 E5 inhibits acidi®cation of endocytic structures in the keratinocyte host cells (Straight et al., 1995) . It was therefore tested whether HPV16 E5 also could abolish the lowering of pH in E5-transfected C127 ®broblasts. We used video microscopy and DM-NERF coupled to dextran which is an improved probe for ratio measurements of pH along the endocytic pathway (Fagotto and Max®eld, 1994; Ishiguro et al., 1996; Lee et al., 1996; Lin et al., 1999; Rathman et al., 1996) .
The host keratinocyte cell line W12 included in the present study could apparently not acidify endocytic structures. Thus, a clear signal at the 485 nm wavelength and an almost absent signal at 436 nm excitation illustrate this (Figure 4) . The non-transfected C127 cells were indeed capable of lowering the pH in endocytic structures. This was in contrast to the E5 transfected cells, which only showed a minor reduction of pH ( Figure 4) .
As an alternative approach, cationized gold-uptake was used to study the pH in endocytic structures. Aggregation is known to take place when pH decreases (van Deurs et al., 1995) . The cationized gold particles were aggregated in 12 ± 14% of the endosome/lysosome vesicle population in control cells (n=100 endocytic structures) whereas in the E5-transfected cells only 0 ± 2% of the endosome population contained gold aggregates (n=100 endocytic structures). By this method it was con®rmed that E5 apparently inhibits acidi®cation when judged by endocytic probes, in agreement with previous reports (Straight et al., 1995) . However it cannot be concluded from these data whether E5 actually inhibits acidi®cation of endocytic structures or rather perturbs the endocytic pathway, preventing access of the probes to the acid compartments.
Measurements of pH in endocytic structures of HPV16 E5-expressing cells by LysoTracker Red
In contrast to pH measurements with FITC-dextran, DM-NERF-dextran, or cationized gold, which all depend on endocytosis, the membrane permeable acidotrophic probe LysoTracker Red can be used to visualize acidic structures independent of endocytosis (Bucci et al., 2000; Magez et al., 1997; Wubbolts et al., 1996) . For this reason possible blocks in downstream endocytic tracking do not aect measurements of pH in late endocytic structures when using LysoTracker Red.
C127 control and E5 transfected cells were loaded with LysoTracker Red and examined by confocal microscopy in order to visualize structures with low pH (Figure 5a ± e). Control cells were characterized by a mainly perinuclear aggregation of acid structures (Figure 5a, b) . Interestingly, also the E5-transfected cells contained acid structures, although these tended to be smaller, more numerous, and dispersed in the cytoplasm (Figure 5d ,e). It was noticed that especially one of the E5 transfected clones (clone 1) appeared to contain a relatively large number of small nondirectional moving LysoTracker Red labeled vesicles.
Ba®lomycin A 1 , a speci®c inhibitor of the V-H + -ATPase (Bowman et al., 1988; Crider et al., 1994; Drose and Altendorf, 1997; Drose et al., 1993; Harada et al., 1997; Manabe et al., 1993) , was added to the cell cultures to verify that the LysoTracker-labeled structures were indeed organelles with low pH. In Figure  5c ,f it is shown that ba®lomycin A 1 reduced accumulation of LysoTracker Red in most of the cells, both in control C127 cultures and in E5-transfected C127 cultures. It should be noted that ba®lomycin A 1 Figure 1 RT ± PCR of C127 cells transfected with HPV16 E5 or the vector. c-DNA was ampli®ed and separated on 1.5% agarose gels. Lanes 1 ± 3 show c-DNA from the HPV16 E5 transfected clone 1 ± 3. Lane M shows the pBR*Hinf1 (pBR) size marker. Lane P shows the positive control ampli®ed from the reference RNA present in the kit. Lane N shows the negative control ampli®ed from the c-DNA from vector transfected cells. Base pairs (bp) are shown to the left inhibits the endocytic acidi®cation to a less degree in the E5 transfected cells compared to control cells. This shows that E5 may interfere with the eect of ba®lomcyin as previously shown in relation to cell motility (Thomsen et al., 1999) . The results suggest that E5-transfected cells have acidic endocytic structures which are not reachable by endocytosed pHsensitive probes. This was further established in both W12 keratinocytes and C127 ®broblasts by doublelabeling with DM-NERF dextran and LysoTracker Red. We observed that all W12 keratinocytes and most of the E5 transfected ®broblasts were unable to 
Discussion
In this study we demonstrate that the HPV16 E5 oncoprotein changes cell morphology and disrupts the actin cytoskeleton, a ®nding which is consistent with previous observations in transformed cells (BarZiv et al., 1999; Janmey and Chaponnier, 1995; Mizejewski, 1999 ). Furthermore we show that HPV16 E5 inhibits endocytic tracking from early to late endocytic structures whereas the acidi®cation of late endocytic structures do not appear to be aected. This is in contrast to previous reports (Straight et al., 1995) .
Present knowledge of the function of HPV16 E5 includes the binding of the oncoprotein to the 16-kDa subunit of the V-H + -ATPase. E5 also interacts with the ET-1 and PDGF-b receptor signaling through a binding of E5 to a site on the 16-kDa subunit which Figure 4 pH in endocytic structures measured by the pH-sensitive probe DM-NERF coupled to dextran. The ratio between the two excitation wavelengths shown with pseudocolor (g and j and color scale below) indicates the pH in endocytic structures. W12 keratinocytes with the full HPV16 genome had no ability to acidify the endocytic structures since there was no signal at 436 nm (a and c) in contrast to the signal at 485 nm (b and d). For the same reason a ratio could not be calculated. However, pH in endocytic structures in control C127 ®broblasts (e ± g) and E5 transfected C127 ®broblasts (h ± j) showed a pronounced reduction in the ability to acidify endosomes among cells in the E5 population. Bars indicate 20 mm interacts with b1-integrin (Goldstein et al., 1991; Skinner and Wildeman, 1999; Venuti et al., 1998) . Integrins are known to interact with extracellular matrix ligands and cytoskeleton proteins such as paxilin and actin (Giancotti, 2000; Mizejewski, 1999; O'Neill et al., 2000) . Thus the mechanisms and consequences of the reported disruption of the actin cytoskeleton caused by HPV16 E5 may be re¯ected in slow cell motility (Thomsen et al., 1999) . Likewise, we observed multinucleation in the HPV16 E5 transfected C127 ®broblasts which may be caused by the disrupted actin cytoskeleton (Lyass et al., 1984) . Both issues remain to be further explored.
In the present study we explored a possible endocytic transport block as an alternative function of E5 to the previously proposed inhibition of the V-H + -ATPase of late endocytic structures (Straight et al., 1995) . We used the acidotrophic probe LysoTracker Red which permeates membranes and accumulates in acidic late endocytic structures (Bucci et al., 2000; Magez et al., 1997; Wubbolts et al., 1996) . Our results demonstrate the presence of acidic late endocytic structures in both the E5 transfected murine C127 cells and in the HPV16 infected human W12 cells. This was further veri®ed by the use of EGFP-Rab7 wt labeling of late endocytic structures (Bucci et al., 2000) . The discrepancy between our demonstration of the existence of an acidic compartment and the apparent lack of acidi®cation as judged from experiments with endocytosed pH-sensitive probes can only be explained by a transport block in the endocytic pathway. This was con®rmed by double labeling studies including both DM-NERF dextran and LysoTracker Red in living cells. Furthermore, internalized plasmamembrane/¯uid phase markers and EGFP-Rab7/LysoTracker-associated structures did not show signi®cant colocalization in E5 transfected cells in contrast to control cells. This demonstrates that endocytic tracking is perturbed between early and late endocytic structures. Perturbed formation and organization, and nondirectional movements of late endocytic structures are responses to disruption of the actin cytoskeleton (Barois et al., 1998; DePina and Langford, 1999; Evans et al., 1998; Huang et al., 1999; Raposo et al., 1999; van Deurs et al., 1995) which plays an important role in endosome and lysosome propulsion (Taunton et al., 2000) . Accordingly, the organization of the late endocytic structures was more dispersed in E5 transfected cells. We therefore tentatively propose that the block in endocytic tracking may be caused by the perturbation of the actin cytoskeleton we also observed after E5 transfection. The non-directional movements of a high number of small LysoTracker Red labeled vesicles in the E5 transfected cells supports the notion Figure 6 DM-NERF dextran loading (a,d,g) of LysoTracker Red labeled (b, e, h) W12 keratinocytes (a ± c), control C127 ®broblasts (d ± f) and E5 transfected C127 ®broblasts (g ± i). The merged images show that the endocytosed pH-sensitive probe could not reach the acidic late endocytic structures in W12 keratinocytes and E5 transfected ®broblasts during 3 h of incubation (c, i). In contrast the control cells showed colocalization of DM-NERF dextran and LysoTracker Red (f). Bars indicate 20 mm that the transport block is related to the disruption of the actin cytoskeleton.
Maintenance of the perinuclear aggregate of late endocytic structures visualized by LysoTracker, CI-MPR or Rab7 depends on steady state fusion and ®ssion events. Blocks in the endocytic pathway may prevent the fusion. The ®ssion processes alone may subsequently result in dispersed endocytic structures (Bucci et al., 2000) . The dispersion of the late endocytic markers observed here further strengthens the hypothesis that the block in the endocytic pathway occurs between the early and late endocytic structures as CI-MPR is also dispersed. If the block was occurring later than the step of CI-MPR insertion then the marker would remain in the perinuclear region as previously shown (Bucci et al., 2000) .
Inhibition of endocytic acidi®cation induced by ba®lomycin A 1 was less pronounced in the E5 transfected cells. E5 may therefore interfere with the eect of ba®lomycin A 1 as previously shown in relation to cell motility (Thomsen et al., 1999) . The data do not exclude an additional selective inhibition or sorting defect of one or more vacuolar proton pumps caused by the HPV16 E5 oncoprotein. These possibilities should be further investigated by ratiometric methods distinguishing between endocytic blocks and inhibition of the V-H + -ATPase. In conclusion, our study demonstrates that the expression of HPV16 E5 in C127 mouse ®broblasts causes signi®cant changes of cell morphology, a reorganization of the actin cytoskeleton, multinucleation and an endocytic transport block, while an acid, late endocytic compartment is maintained.
Materials and methods
Plasmids
The HPV16 genome (7905 bp) was supplied by H zur Hausen (Heidelberg, Germany). The genome was used for the construction of HPV16 E5 inserted into the pJ4O, an expression vector used to express the gene (Morgenstern and Land, 1990) . The vector with E5 inserted (position 3841 ± 4110 from HPV16, an EcoR1/Rsa1 fragment) has previously been described (Johnsen et al., 1995) . EGFP-Rab7 wt was obtained and used as previously described (Bucci et al., 2000) .
Cell cultures and transfection
All tissue culture reagents were from GIBCO-BRL. C127 mouse ®broblast cells were grown in DMEM supplemented with 10% FCS, 2 mM glutamine, 100 000 U/l penicillin and 10 mg/l streptomycin in an incubator with a 5% CO 2 atmosphere humidi®ed at 378C. W12 cells (human papilloma virus type 16 immortalized human cervical keratinocytes) were obtained from Margaret Stanley (Cambridge, UK). Each cell contains 100 copies of the full HPV16 viral monomeric episomal DNA (Stanley et al., 1989) . The medium for the W12 cells was supplemented with 0.1 mg/ ml hydrocortisone and 10 710 M cholera toxin. Transfection of cells was done using Lipofectamine (GIBCO-BRL) according to the manufacturer's instruction. The C127 ®broblasts were transfected with the E5 oncogene. Cells transfected with only the pJ4O vector were used as control cells. Three separate stable transfected clones were selected by G418 for further experiments with both the E5 transfected and vector transfected cells. They were incubated for 24 h with the transfection reagent, splitted 1 : 3 and further incubated in medium for 24 h at 378C. Then G418 (Geneticin) was added to a ®nal concentration of 500 mg/ml to select transfected cells. Foci were isolated and expanded into various clones. All six (control and E5-transfected cells) clones were tested.
RNA purification and reverse transcriptase PCR
± 10610
6 cells were washed twice with PBS. The cells were suspended in 1 ml Ultraspec (Biotecx Laboratories, Inc, #BL- Figure 7 Endocytic tracking in HPV16 E5 transfected ®bro-blasts (d ± f, j ± l, p ± r) was compared to that of control ®broblasts (a ± c, g ± i, m ± o). Transport of trans¯uorescent spheres (a, d) to LysoTracker Red labeled late endocytic structures (b,e) was blocked by the presence of E5 as shown by the lack of colocalization (f) compared to the control (c). Transport of TRITC-concanavalin A (g, j) to EGFP-Rab7 wt labeled late endocytic structures (h, k) was also blocked by the presence of E5 as shown by the lack of colocalization (l) compared to the control (i). In ®xed cells it was further shown that transport of concanavalin A (m, p) to MPR labeled late structures (n, q) likewise was blocked by the presence of E5 as shown by the lack of colocalization (r) compared to the control (o). Bars indicate 20 mm 10100) with a rubber policeman. The cell suspension was transferred to an Eppendorf tube and kept on ice for 5 min, then 200 ml chloroform (Merck) was added and the sample was vortexed for 15 s followed by a 5 min rest on ice. The two phases were separated by centrifugation for 15 min at 12 000 g at 48C. The upper phase was transferred to a new Eppendorf tube and precipitated by an equal volume of isopropanol (Merck). The tube was cooled on ice for 10 min before 10 min centrifugation at 12 000 g at 48C. The pellet was washed twice with ice cold 75% ethanol (Merck) and kept at room temperature. Just before the¯uid of the pellet was completely evaporated, the pellet was resuspended in 50 ± 100 ml DEPC water (Biotecx, #BL-5610) followed by vortexing for 1 min. The RNA concentration was measured at 260 and 280 nm. The RNA preparation was considered pure if the OD 260/280 ratio was in the interval of 1.8 ± 2.0. Reverse transcriptase PCR was done according to the manufacturer's protocol (GeneAmp RNA PCR kit from Perkin Elmer (N808-0017) ). The primers used were 21 bp long, corresponding to the N-and C-terminal sequence of the E5 gene (Halbert and Galloway, 1988) . The ampli®ed c-DNA was analysed on the 1.5% agarose gel with Hinf-1 digested pBR322 as size marker.
Computer assisted image analysis of cell morphology
Cells were seeded in 35 mm petri dishes (NUNC, Denmark) to obtain 90% con¯uence after 24 h. For analysis the cells were washed three times in PBS, ®xed and stained with Coomassie blue R250 (5 g/l in 45% v/v ethanol and 45% v/v acetic acid) for 45 min. The cells were washed with PBS four times and left in 2 ml PBS until the recordings. Video recordings of cell morphology were done using a Nikon Diaphot 200 inverted microscope with a Nikon Plan objective (magni®cation610, numerical aperture 0.25) and a CCD video camera (Burle, USA). Images sized of 512*512 pixels was automatically acquired from 20 pre-programmed areas from each culture dish using a Nikon X,Y-movable stage. An image processing system GIPSLAR (Image House, Denmark) was used to automatically delineate the contours of the stained cells. The area of the delineated contour and the cellular formfactor
perimeter 2 was calculated. The formfactor describes circularity with a maximum of one which represents a circle.
Fluorescent microscopy of endocytic structures
The buer for incubation was 20 mM HEPES (N-[2-hydroxyethyl] piperazine-N'-[2-ethanesulfonic acid]) (SIGMA H-3375), 140 mM NaCl, 2 mM CaCl 2 , 2H 2 O, 1 mg/ml D(+)-Glucose monohydrate (Merck Art 8342), 10 mM KCl, and 5 N NaOH was added for adjustment to pH 7.5. The system used for image analysis and micro¯uorometry was a Zeiss Axiovert 10 epi¯uorescence microscope with an Acrostigmat objective (magni®cation 640, numerical aperture 1.30) used with a XBO 75W light source, and equipped with a eight®lter wheel changer and a built-in shutter, a fast-scanning stage and a Dage/MTI SIT 66 camera, all controlled by the software package Image-1/AT Fluor ver 1.52. A four times extra magni®cation was achieved by adding a magnifying glass between the camera and the image from the microscope. The video signal was recorded simultaneously with a Panasonic AG-7355 superVHS (PAL) video recorder. Filters used for pH measurements with DM-NERF were a BP 485/ 20 nm (excitation 1), a BP 436/10 nm (excitation 2), BSP 510 (beamsplitter) and BP 515-565 (Zeiss, Oberkochen, Germany). Photodamage was reduced and ratio measurements were facilitated by a BG-3 ®lter and a 50% neutral-gray ®lter in the excitation pathway. Filters used for LysoTracker Red were for excitation 546/12 nm and for emission a dicromatic mirror 580 nm combined with a BP586-615 nm ®lter. The system for video microscopy was used for recordings of pH in endocytic structures. The cells were washed twice before they were incubated for 60 min in 1250 ml HEPES buer supplemented with 250 ml FCS. Then 250 ml of the pH sensitive probe DM-NERF (10 mg/ml) was added and the cells were incubated for 2 h unless otherwise stated. The measurements were made after extensive washing of the cells with the HEPES buer.
Before the measurements, the ampli®cation and the darkcurrent level were adjusted to obtain the optimal from the video camera system. Before each measurement, the video camera was adjusted and a background image was acquired. The background was subtracted from the acquired images for each wavelength before ratioing was performed.
Cells were excited at 485 and 436 nm respectively for approximately 2 s. 485/436 nm ratios spanned mainly from 0.5 to 2. They were given a pseudo color scale to visualize the pH in each structure directly. A pH scale could be added after calibration of the DM-NERF signal with monensin and HEPES buer within the range of pH 3.5 to 7.5. 6.929 mg monensin (MW: 692.9) was dissolved in 0.5 ml absolute ethanol to a ®nal concentration of 20 mM. From this stock solution 0.5 ml was added per ml buer, corresponding to 10 mM.
LysoTracker Red DND-99 (100 nM; Molecular probes) was added to the cells for 30 min and they were studied live by video microscopy and confocal microscopy or ®xed and processed for further immunocytochemical labeling.
Cells grown on eight-chamber glass slides (NUNC) were ®xed in 2% formaldehyde for 30 min at room temperature followed by a PBS wash and blocking in NaBH 4 for 30 min and a PBS wash. Then the cells were permeabilized in 5% NGS+0.2% saponin for 30 min before¯uorescent probes were applied.
When actin labeling was performed 0.3 mM deoxyribonuclease I, tetramethylrhodamine conjugate, and 0.165 mM phalloidin BODIPY 650/665 phalloidin (Molecular Probes) were added for 30 min.
Concanavalin A, tetramethylrhodamine conjugate (Molecular Probes), was diluted to 0.005 mg/ml and added to the living cells, which were cooled to 58C for 2 h of binding before the internalization of the membrane marker was initiated at 378C.
Carboxylate-modi®ed TransFluoSpheres 0.04 mm (488/685) (Molecular Probes) was diluted 1 : 100 and added to living cells to follow¯uid phase endocytosis.
Rabbit polyclonal antibodies against the mannose phosphate receptor (MPR) was kindly supplied by Kurt von Figura and combined with Alexa 488 secondary antibodies (Molecular Probes).
The cells were viewed with a Zeiss LSM 510 confocal microscope equipped with LSM 510 version 2.02 software, Ar (458 and 488 nm) and 26 He/Ne (543 and 633 nm) lasers. The lenses used were C-apochromat 4061.2 W corr, Capochromat 6361.2 W corr or a Plan apochromat 1006/1.4 Oil Iris Lens. Live recordings were made with cells grown on glass coverslips mounted by epon at the bottom of a 6 cm petri dish with a 4 cm (diameter) hole. The specimens were mounted in a Zeiss Tempcontrol 37-2 at 378C during the recordings. HEPES buer pH 7.5 were used for these recordings.
pH measurements in endocytic structures by cationized gold A dialyse tube (30 cm, spectra/por MWCO 12-14000) was immersed into sterile water for 1 h. Two hundred and ®fty ml from a suspension of 10 or 20 nm cationized gold particles (British Biocell International) was diluted by addition of 250 ml DMEM-HEPES. The dilution was transferred to the dialysis tube which was closed in both ends. The tube was transferred to 100 ml HEPES buered DMEM and left with a stirring device for 24 h at 58C. The dialysed cationized gold was diluted to a ®nal volume of 2 ml. This solution was used for incubation of control cells or E5 transfected cells for 120 min. After this procedure the cells were ®xed for further processing in 0.1% glutaraldehyde and 2% formaldehyde in 0.1 M phosphate buer, pH 7.2 (see van Deurs et al., 1995) .
Statistics and data presentation
The morphological parameters calculated for E5 transfected cells were compared to control cells by the Chi 2 Goodness-ofFit test using Statistica (Statsoft, USA) version 4.5.
